Esophageal motility disorders cause marked reductions in quality of life, as they can lead to severe dysphagia, regurgitation, and non-cardiac chest pain owing to a lack of coordinated esophageal motility function. According to the Chicago classification [1], these disorders are classified into the following major types: achalasia, esophagogastric junction (EGJ) outflow obstruction, distal esophageal spasm, and jackhammer esophagus. Among them, achalasia is the most common type of esophageal motility disorder (annual incidence: 1.63/100,000, prevalence rate: 10.82/100,000) [2] . Because pathogenesis of achalasia depends on impaired relaxation of the lower esophageal sphincter (LES) during swallowing [3], current treatments usually focus on the destruction or forced relaxation of the LES.
cumstances, the efficacy and safety of POEM procedures have recently started to be elucidated.
Regarding short-term outcomes of POEM, we previously clarified associations between clinical outcomes and thickness of the esophageal muscle layer in patients who underwent POEM [6] . Esophageal muscle layer thickness was identified as the most important clinical factor affecting duration of POEM procedures. As for mid-and long-term outcomes of POEM, a few studies have suggested that a thick preoperative esophageal muscle layer might be a predictor of failure of PD [7] . Patients whose esophageal muscle layers were < 1.3 mm thick exhibited a significantly higher mid-term success rate after PD than those with thicker esophageal muscle layers (100 % vs. 36.3 %, P = 0.01). However, to the best of our knowledge, there are no data regarding mid-or long-term effects of POEM on esophageal muscle layer thickness.
Recently, POEM has been recognized as one of the standard treatments for achalasia, therefore, it has become an alternative to surgical myotomy. In addition, recent advances in medical imaging technology have enabled us to precisely evaluate the thickness of in vivo muscle layers preoperatively. Therefore, we conducted this study to elucidate mid-term effects of POEM procedures on thickness of the esophageal muscle layer, and moreover, we examined whether postoperative changes in esophageal muscle layer thickness are related to particular clinicopathological features in patients with esophageal motility disorders.
Patients and methods

Study design and criteria
To elucidate long-term effects of POEM on esophageal muscle layer thickness and associations between such changes and various clinicopathological features, we performed a prospective cohort study, involving patients with esophageal motility disorders who underwent POEM [8] . Before starting our study, sample size calculation was done. Prior data indicated that mean thickness of muscle layer was 1.6 ± 0.7 mm [8] , while that in patients without esophageal motility disorders was 0.61 ± 0.1 mm (▶ Supplemental Fig. 1 ). With an average difference of 0.5 (half the mean difference between two groups based on the indicated values), standard deviation of 0.7, probability of α error as 0.05 and probability of β error as 0.8, the required minimum sample size was estimated to be 31 patients. The sample size calculation was carried out using EZR version 1.37. This observational study was conducted at Kobe University Hospital with the approval of the institutional ethics committee. Written informed consent was obtained from all participants, and the study was carried out according to the Declaration of Helsinki.
Patients
First, 74 consecutive patients with esophageal motility disorders who complained of clinical symptoms and underwent POEM at Kobe University Hospital between April 2015 and December 2016 were prospectively recruited into this study [8] . Then, all patients who were eligible for 1-year follow-up examinations were recommended to undergo upper gastrointestinal tract endoscopy and esophageal high-resolution manometry (HRM). Patients for whom insufficient data were available were excluded from the final analysis. The exclusion criterion for this study was patients who refused to or did not provide informed consent.
Outcome measurements
Prior to treatment, patients' symptoms were systematically documented via interviews. In addition, they underwent upper gastrointestinal endoscopy, barium esophagography, and HRM before POEM. Outcome measurements assessed in this study included thickness of the esophageal muscle layer, Eckardt symptom score, integrated relaxation pressure (IRP), POEM procedure-related variables (myotomy length, procedure time, and adverse events [AE]), disease duration, type of achalasia, and previous treatments. Type of achalasia was evaluated using HRM according to the Chicago classification, version 3 [1] . Postoperative change in thickness of the esophageal muscle layer (ΔEMLT) was defined as reduction in thickness of the esophageal muscle layer noted after POEM, which was calculated as esophageal muscle layer thickness before POEM minus that seen at 1 year after the procedure. Overall success rate of POEM was defined as a post-POEM Eckardt score less than 2 or a reduction of more than 4 points from baseline [9] . All of the abovementioned variables were statistically analyzed.
Indications for POEM and the POEM procedure
All symptomatic patients were diagnosed with esophageal motility disorders were indicated for endoscopic POEM. All POEM procedures were performed in the operating room under general anesthesia. The POEM procedure was conducted as described previously [10] , and it was carried out by two highly skilled endoscopists with experience of more than 30 POEM procedures.
Endoscopic ultrasound evaluations
All patients were included in the final analysis underwent endoscopic ultrasound (EUS) examinations before and 1 year after POEM. For the EUS examinations, a 20-MHz miniature probe (UM-3R; Olympus Medical Systems, Tokyo, Japan) was used after filling the esophagus with de-aerated water. The EUS images were displayed on an EUS processing system (EU-ME2 premier plus; Olympus Medical Systems, Tokyo, Japan). All examinations were conducted under intravenous sedation. After the esophageal lumen had been filled with de-aerated water, the probe was positioned at the EGJ, and thickness of the esophageal muscle layer was measured at 0 cm, 5 cm, and 10 cm above the EGJ, respectively. Images of the esophageal muscle layer that were obtained at maximum relaxation were selected.
Symptom assessment
Clinical symptoms were assessed according to the Eckardt score [11] . This score is calculated as the sum of the symptom scores for dysphagia, regurgitation, and chest pain (0: absent, 1: occasional, 2: daily, and 3: each meal) and weight loss score (0: no weight loss, 1: ≤ 5 kg, 2: 5 to 10 kg, and 3: ≥ 10 kg).
Statistical analysis
Mean, standard deviation, and range values were obtained for continuous variables, whereas ratios and percentages were obtained for categorical variables. Comparisons of continuous variables were performed using the Mann-Whitney U test. Associations between the ΔEMLT and clinical factors were analyzed using univariate logistic regression analysis, and odds ratios (OR) were estimated and are shown together with 95 % confidence intervals (95 % CI). For this analysis, we classified eligible patients into two groups; i. e., into patients with ΔEMLT ≥ 0.45 mm and those with ΔEMLT < 0.45 mm. Differences associated with P values < 0.05 were considered to be statistically significant, and all tests of significance were two-tailed. Cut-off values for each parameter in this study were determined by subjecting the mean value to rounding, where appropriate. All statistical analyses were conducted using JMP software, version 10.0.2 (SAS Institute, Cary, North Carolina, United States).
Results
Seventy-four consecutive patients with esophageal motility disorders were prospectively enrolled in this study (▶ Fig. 1 ) [8] . Among them, 64 patients completed 1-year follow-up examinations after undergoing POEM. However, 13 patients were excluded because of insufficient clinical information; therefore, 51 patients were included in the final analysis, as shown in ▶ Table 1 .
Patient characteristics
Of the 51 patients were eligible for the final analysis, 19 were male (37.3 %) and 32 female (62.7 %). Among all patients, mean age, body mass index (BMI), and disease duration were 52.0 ± 16.7 years (range: 16 to 85), 21.6 ± 4.1 (range: 15.8 to 31.6), and 6.6 ± 12.9 years (range: 0.5 to 31), respectively. Various subtypes of motility disorder exhibited the following frequencies: straight type, 42 patients (82.4 %); sigmoid type, four patients (7.8 %); advanced sigmoid type, two patients (3.9 %); and others, three patients (5.9 %). Most of the patients had not received any treatment prior to the POEM procedure (57 patients, 86.3 %).
Procedure-related outcomes
Among all eligible patients, mean procedure time and length of myotomy were 74.9 ± 29.1 min (range: 44 to 179) and 13.9 ± 4.0 mm (range: 5 to 20), respectively. Procedure-related AEs occurred in 11 patients (11/51, 21.6 %) (▶ Table 1 ). Frequencies of these events were as follows (with some overlapping): pneumoperitoneum, eight patients (15.7 %); inadvertent mucosectomies, four patients (7.8 %); and subcutaneous emphysema, three patients (5.9 %). POEM procedure success was achieved in 49 of 50 patients (98.0 %). No serious complications or deaths occurred, and none of the adverse events required surgery.
Comparison of esophageal muscle layer thickness values obtained before and at 1 year after POEM ▶ Table 2 and ▶ Fig. 2 show a comparison of esophageal muscle layer thickness values obtained before and at 1 year after POEM. Before the procedure, mean thickness of the inner circular muscle (ICM) at 0 cm, 5 cm, and 10 cm from the EGJ was 1.55 ± 0.54 mm, 1.46 ± 0.75 mm, and 1.31 ± 0.68 mm, respectively. On the other hand, at 1 year after POEM, mean thickness of the ICM at 0 cm, 5 cm, and 10 cm from the EGJ was 1.06 ± 0.45 mm, 0.99 ± 0.36 mm, and 0.97 ± 0.44 mm, respectively. Therefore, our data showed that POEM significantly reduced thickness of the ICM at each esophageal site. However, thickness of the outer longitudinal muscle (OLM) at 5 cm from the EGJ did not change significantly after the procedure (0.65 ± 0.23 mm vs. 0.61 ± 0.19 mm).
Comparison of the IRP and the Eckardt score at 1 year after POEM procedure between thick (≥ 1.5 mm) and thin (< 1.5 mm) esophageal muscle layer groups
To investigate whether effects of POEM on clinical factors differ among patients with and without thickened esophageal muscle layers, we compared clinical outcomes (the IRP and Eckardt score) of the thick (≥ 1.5 mm) and thin (< 1.5 mm) esophageal muscle layer groups. In this analysis, IRP values and Eckardt scores obtained at 1 year after the POEM procedure did not differ significantly between the two groups (▶ Table 3 ).
Comparison between ΔEMLT values of the ICM and OLM layers ▶ Table 4 0.30 mm, and 0.07 ± 0.21 mm, respectively. Thus, after POEM, the ICM exhibited significantly greater mean ΔEMLT than the OLM.
Clinicopathological features associated with ΔEMLT
We evaluated the effects of a reduction in muscle layer thickness on various clinicopathological features. Results of the univariate logistic regression analysis are summarized in ▶ Table 5 . In this analysis, age, sex, BMI, disease duration, type of achalasia, previous treatment, procedure time, length of myotomy, AEs, postoperative Eckardt score, and postoperative change in IRP level were found to have no significant influence on clinicopathological features at any of the examined esophageal sites.
Discussion
The number of myenteric neurons is decreased by achalasia, which results in impaired relaxation of the LES [12] . Because such functional obstruction can cause esophageal muscular hypertrophy [13, 14] , we considered that thickness of the esophageal muscle layer might reflect clinical severity or symptoms of motility disorders. Recently, we examined associations between esophageal muscle layer thickness and various clinicopathological features [8] . In the latter study, we identified that a thick esophageal muscle layer was an independent predictor of a longer POEM procedure (OR: 8.00; 95 % CI: 2.67 -27.65, P = 0.0001). However, there were no significant differences in other clinical parameters between the thick and thin esophageal muscle layer groups. Therefore, we examined the midand long-term effects of POEM on esophageal muscle layer thickness in this study.
No previous studies have examined changes in esophageal muscle layer thickness that occur after treatment in patients with esophageal motility disorders. Previous studies based on visual [15, 16] or EUS examinations [17, 18] revealed that the muscularis propria of the esophagus usually thickens in patients with achalasia. In addition, several histological studies have assessed muscular pathology that arises in patients with achalasia [19, 20] . Muscular hypertrophy was always seen at the LES and often extended up to the distal esophagus. Because functional obstruction can cause esophageal muscular hypertrophy, as mentioned above [13, 14] , relieving such obstruction might lead to a reduction in the thickness of the esophageal muscle layer. The primary goal of treatment for achalasia is to disrupt the muscular components that contribute to LES pressure. Because POEM also aims to disrupt the LES, it should theoretically cause a reduction in LES pressure. Therefore, it should result in adequate relief of esophageal obstruction. In short, reducing LES pressure by performing POEM can ameliorate esophageal muscular hypertrophy, and therefore, should reduce thickness of the esophageal muscle layer. In accordance with this expectation, we clearly showed that thickness of the esophageal muscle layer was significantly decreased at 1 year after POEM.
In addition, we found that after POEM, the ICM displayed greater ΔEMLT values than the OLM (P < 0.001). There are two possible explanations for this. The first is that the balance between the ICM and OLM might be impaired in patients with esophageal motility disorders. In agreement with this, thickness of the esophageal muscle layer did not differ significantly between the ICM and OLM in patients without esophageal motility disorders (▶ Supplemental Fig. 1 ). On the other hand, in patients with esophageal motility disorders, the ICM was thicker than the OLM (▶ Table 2 ; ICM vs. OLM at 0 cm, 5 cm, and 10 cm from the EGJ; P < 0.01 in each case). The difference between ΔEMLT values for the ICM and OLM might reflect the relative contributions of these muscles to pathogeneses of esophageal motility disorders. Therefore, the ICM might make a more significant contribution than the OLM to pathogeneses of esophageal motility disorders. The second possible reason for this finding is that it is due to characteristics of the POEM procedure itself. In the original POEM procedure [4] , only the ICM bundles were subjected to endoscopic myotomy, leaving the OLM intact. We also perform selective myotomy of the ICM alone in POEM. Therefore, this might be the reason why we detected a significantly greater reduction in thickness of the esophageal muscle layer in the ICM than in the OLM.
In this study, we could not find any clinical factors that were associated with ΔEMLT. Although Li et al. previously claimed that thickness of the esophageal muscle layer on EUS before PD treatment was associated with mid-term treatment response and clinical symptoms [7] , our study revealed that there were no significant differences in clinical outcomes between the thick and thin esophageal muscle layer groups. Compared with PD treatment, because POEM makes it possible to dissect muscular bundles completely while checking the endoscopic screen, both muscle tone abnormalities and other symptoms can be completely abrogated, regardless of the thickness of the esophageal muscle layer. Thus, the marked efficacy of the POEM procedure is considered to explain why no clinical factors were found to be associated with ΔEMLT in our study. However, our study had one patient (2 %) whose POEM procedure failed, ▶ ▶ Fig. 2 Representative image of esophageal muscle layer thickness before and at 1 year after POEM.
and in whom the ΔEMLT of the ICM at 0 cm, 5 cm, and 10 cm from the EGJ were 0.7 mm, 0.1 mm, and 0.1 mm, respectively. These results indicate that there is a possibility that change of esophageal muscle layer thickness at the region other than LES correlate with failure of POEM. Therefore, more large-scale study might be useful to reveal the possible correlation of muscle thickness and response after myotomy. This study had several limitations. First, esophageal muscle layer thickness measurements were operator-dependent and exhibited wide variation between different operators [21 -23] .
▶ Table 3 Comparisons of IRP and the Eckardt score at 1 year after POEM between thick ( > 1.5 mm) and thin ( < 1.5 mm) esophageal muscle layer groups. The cut-off value for the ΔEMLT was 0.45 mm. Two-tailed P values < 0.05 were considered to be statistically significant. EMLT, esophageal muscle layer thickness; EGJ, esophagogastric junction; BMI, body mass index; CI, confidence interval; NS, not significant (P > 0.05); ΔIRP, postoperative change in integrated relaxation pressure Second, the sample size was small, which resulted in the study having low statistical power. Third, the study was conducted at a single tertiary center, so the results might not be applicable to different institutions.
Conclusion
In conclusion, we demonstrated for the first time that thickness of the esophageal muscle layer was significantly decreased after POEM. Therefore, we consider that changes in thickness of the esophageal muscle layer caused by esophageal motility disorders are reversible. However, postoperative thickness of the esophageal muscle layer did not have any influence on outcomes of POEM. Fig. 1 Mean value of esophageal muscle layer thickness in patients without esophageal motility disorders. Assessment of the normal thickness of the esophageal muscle layer.
To determine the thickness of the normal esophageal muscle layer, nine consecutive patients without esophageal motility disorders (8 patients with early gastric cancer and 1 patient with gastric submucosal tumor) underwent EUS examinations at Kobe University Hospital between April 2015 and December 2016 according to the procedure mentioned above.
